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Introduction
Accurate numerical simulation of the flow field of helicopter rotors is one of the most complicated and challenging problems in the field of aerodynamics. For performance prediction of helicopter rotors, the numerical method must have a capability of accurately capturing the flow not only on the blade but also in the vortical wake generated from the blade tip, which significantly affects the overall rotor performance, vibration and noise.
Although many researches have been successfully performed for hovering rotors using inviscid methods, the capability of handling viscosity is still a very desirable feature for the simulation of realistic flow mechanism such as tip vortex formation. It is particularly true to simulate accurately viscous-inviscid interactions involving shock-induced separation at transonic tip Mach numbers with a relatively high collective pitch setting. Several viscous simulations have been performed to predict the rotor performance using direct wake capturing methods on structured grids. Srinivasan et al. (Ref. 1) described one of the earliest viscous simulations using a single-block grid with a number of grid points close to one million for the complete rotor and wake system. Their results showed good agreement with the experimental pressure distribution and the tip vortex trajectory. Wake and Baeder (Ref.
2) presented comparisons of their viscous prediction to the UH-60A rotor performance data. The results included spanwise loading distribution, overall thrust, torque, and figure of merit over a range of collective pitch angles. Ahmad and Strawn (Ref. 3) used an overset grid viscous method and investigated the dependency of three different wake grid resolutions. They successfully tracked the tip vortex for 630 degrees of vortex age using up to 17.1 million grid points at the finest level.
Numerical methods contain inherent numerical dissipation which depends on the local grid size and the order of spatial accuracy of the scheme. Accurate capturing of the rotor wake requires several grid points inside the vortex core to prevent the tip vortex diffusion and to maintain its strength. An additional difficulty arises from the fact that the trajectory of the tip vortex is usually not known in advance. Within the structured grid topology, high-order spatially accurate schemes, moving overset grids, and grid redistribution techniques have been adopted to remedy the difficulties (Refs. [3] [4] [5] Even though these unstructured mesh calculations were very successful in accurately predicting the aerodynamic performance and the tip vortex trajectory, calculations were mostly confined within inviscid flows so that viscous phenomena such as flow separation and shock-boundary layer interaction were not properly accounted for. In the present study, an attempt is made to predict numerically the performance of a hovering rotor using an unstructured mesh Navier-Stokes flow solver. The tip vortex trajectory is traced through a series of spatial mesh adaptation starting from a very coarse initial mesh. Formation of the concentrated tip vortex and the shock-induced flow separation on the blade surface are investigated. For the present purpose, a three-dimensional viscous unstructured mesh parallel flow solver is developed based on a cellcentered finite-volume scheme with the Roe's flux-difference splitting. The Spalart-Allmaras one-equation turbulence model is used to simulate the effect of turbulence coupled with a wall function boundary condition. An implicit Jacobi/Gauss-Seidel method is used for the time integration. Calculations are validated by comparing the results with Caradonna and Tung's experimental data (Ref. 10).
Numerical Method

Governing equations
The equations governing three-dimensional, viscous, unsteady, compressible flows are the Reynolds-averaged Navier-Stokes equations which express the conservation of mass, momentum, and energy for a Newtonian fluid in the absence of external forces. The equations can be recast by using absolute flow variables on grids moving through an inertial reference frame. The equations may be written in an integral form for a bounded domain V with a boundary ∂ V : ) is used to estimate the eddy viscosity. In the present implementation, the turbulence model equation is solved separately from the mean flow equations by using the same time integration scheme, which results in a loosely coupled system.
Boundary condition
To predict correctly turbulent boundary layer flows through the laminar, semi-laminar and fully turbulent regions, many grid points are required inside the viscous sublayer with the near wall value of y + ≈ 1. Moreover, to reduce the memory requirement and the computational cost, a semi-empirical wall function boundary condition is imposed on the surface of the blade for the present turbulent flow calculations. This also accelerates the overall convergence of the solution by removing highly-stretched small cells.
At the far-field boundary, the flux is computed using flow quantities from the adjacent cells and the freestream value determined as suggested by Srinivasan et al. (Ref. 15) . In this method, 1-D momentum theory is used to approximate the inflow/outflow boundary conditions by introducing a 3-D point sink concept to satisfy the conservation of mass. This boundary condition is a function of rotor thrust, which is updated at every iteration as the calculation proceeds.
Owing to the periodic nature of the flow for hovering rotors, calculations are performed for a single blade of the rotor and the periodic boundary condition is applied between the blades. Grid periodicity is enforced in the grid generation process, and the cells adjacent to this boundary are treated as interior cells so that interpolation of the flow is not required.
At the far-field boundary, the value of working variable for the SpalartAllmaras turbulence equation is extrapolated from the interior for outflow and is specified to be a freestream value for inflow. The freestream value of turbulence is taken to be 10% of the laminar viscosity for the present study.
The initial condition may be set equal to the freestream state everywhere.
Parallel implementation
The numerical method previously described is parallelized by partitioning the computational domain into several subdomains. Communication of the data between each processors is achieved by using the MPI (Message Passing Interface) library. For the present cell-centered scheme, the data communication involves flow variables at the nodes, at the face centroids, and at the adjacent cell centroids of the subdomain boundary. The partitioning is performed using the MeTiS library (Ref. 16) by considering the number of cells assigned to each processor to achieve load balancing.
Solution-adaptive mesh refinement
Solution-adaptive mesh refinement is used for a better resolution of the shock wave on the blade and the tip vortex in the wake. On a coarse initial mesh, tip vortex shows very rapid numerical diffusion and the definite structure of the vortex core can be identified only in the near wake region from the tip of the blade. To capture the tip vortex extensively in the far wake and to preserve its strength, local mesh refinement is performed through several adaptation levels along the tip vortex core location. At first, local maximum of the vorticity is searched to determine the vortex core location at every five degrees of vortex age starting from the trailing-edge of the blade tip on two-dimensional cutting planes. The search continues until identification of the vortex core fails due to the numerical diffusion for a given mesh resolution. Next, the discrete vortex core locations are connected to form a smooth curve using a 3-D parabolic blending. Then, cells on and near the captured tip vortex core trajectory located within six times of the local cell characteristic length are targeted for subdivision. A 1:8 division is made for the targeted cells by inserting new grid points at the centroid of six line elements of each tetrahedron. Buffer cells are required between the targeted cells and the surrounding cells to confirm a valid cell connectivity. These buffer cells are divided either 1:4 or 1:2. On the solid surface, the coordinates of inserted grid points are determined using general 3-D surface curve fitting based on the Hermite polynomial interpolation to guarantee the smoothness.
The refined mesh is repartitioned for load balancing and the calculation is resumed. This procedure is repeated until a satisfactory result is obtained for the blade loading and the tip vortex. The far-field boundary is located at two radii downstream of the rotor, one and half radii upstream of the rotor, and two radii away from the center of rotation in the radial direction. Figure 1 shows the blade surface triangulation and subdomain boundaries partitioned by using the MeTiS library for parallel computing for the θ c = 8
• case. The figure also shows the result of mesh adaptation on the blade surface along the shock wave location at the blade tip region. Thin tetrahedral layers are stacked starting from the surface by marching into the flow domain, which generated approximately 15 tetrahedra inside the boundary layer. The normal grid spacing of each layer is prescribed by an exponential formula:
where n 1 is the spacing of the first node point above the surface. The characteristics and parameters of the initial mesh are summarized in Table 1 for both the cases. The normal distance of first cell centroid from the blade surface is decided such that the value of y + is located around 30 in the log layer region for the valid application of a wall function boundary condition.
The viscous mesh is generated not only on the blade surface but also in the near wake vortex sheet region to take into account the wake shear layer effect properly. This viscous wake mesh is extended up to two and half chord lengths and 30 degrees of vortex age from the blade quarter chord line following the prescribed wake geometry (Ref. 19 ). The grid spacing and the stretching factor for the wake mesh are the same as those for the blade surface. The view of the last viscous layer is shown in Fig. 2 for both on the blade surface and in the wake. A typical sectional view of the mesh at y/R = 0.96 is presented in Fig. 3 showing a transition from the stretched viscous layers to the inviscid mesh around the blade and the near wake.
In order to capture the tip vortex accurately, six levels of mesh adaptation are made in the wake region. The cells located along the tip vortex core are divided until the characteristic length scale of each cell becomes less than 5% of the blade chord length, which is equivalent to the size of February • . The flow solver uses 16 processors on Cray T3E-900 for the initial mesh as in Table 1 and runs at an approximate speed of 6.9 seconds of CPU time per iteration. The total elapsed computational time required for the converged solution from the initial mesh to the finest mesh is about 88 hours using 16 processors by performing 5,000 iterations between each mesh adaptation. The excessive number of iterations used for the present study is to obtain fully-converged intermediate solutions after each mesh adaptation to confirm the effect of wake adaptation sequence. Figure 4 shows the wake adaptation sequence for the case of M tip = 0.877 and θ c = 8
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• . Specifically, targeted cells for subdivision are shown at several adaptation levels, which represent the relative size of the mesh at the particular adaptation level, and the surface triangulation on the periodic boundary is also shown. The initial mesh has a very large characteristic cell size relative to the blade chord length away from the blade, which is not appropriate for preserving the tip vortex. As adaptation proceeds and the tip vortex establishes, the relative size of the cell decreases. After several levels of adaptation, cells near the tip vortex become smaller than the targeted cell size and are not allowed for further subdivision as shown at the 4th level in the near wake. At the same time, the adaptation is pushed further downstream of the wake while the tip vortex develops for an extended range of vortex age. The surface triangulation on the periodic boundary clearly represents the effect of adaptation showing the approximate location of the primary and secondary tip vortex cores from the current and preceding blades, respectively.
The convergence history of rotor thrust for the case of M tip = 0.877 and θ c = 8
• is shown in Fig. 5 . The result is shown up to 20,000 iterations where 4th level wake adaptation is applied since converged solution is achieved for the rotor thrust. The result of an inviscid calculation (Ref. is also compared in the figure. Even though the present calculation is performed for obtaining steady-state solutions, a repeated pattern of oscillatory thrust is observed after 13,000 iterations with the magnitude variation of 2-3%. This unsteadiness is due to the time-varying flow involving shock-induced flow separation and tip vortex formation. The present viscous flow simulation predicts slightly lower thrust than the inviscid flow prediction.
The predicted tip vortex geometry at each level of wake adaptation is shown and compared with the experimental data for the case of M tip = 0.794 and θ c = 12
• in Fig. 6 . For the initial coarse mesh, the tip vortex can be identified only up to 210 degrees of vortex age. Also, the vertical descent of the tip vortex is predicted much faster than the experiment. As the wake adaptation proceeds and the numerical dissipation is reduced, the tip vortex can be identified further downstream and the predicted geometry of the core shows a convergent behavior to the experiment. Finally, after 6th level of adaptation, the tip vortex is captured up to 420 degrees of vortex age. The result after 6th level of wake adaptation is compared with previous inviscid predictions (Refs. 6, 9) in Fig. 7 for M tip = 0.877 and θ c = 8
• . Almost identical results are obtained between the present viscous simulation and the inviscid simulation based on the same numerical method (Ref. 9) showing that viscosity may not significantly affect the tip vortex transport mechanism. A similar trend is also found for the numerical results (Ref. 6) based on an unstructured inviscid simulation even though slight differences are observed depending on the grid resolution and the numerical method. The predicted total vorticity contours at various locations in the rotor wake for M tip = 0.877 and θ c = 8
• are presented in Fig. 8 showing the evolution of the tip vortex and the vortex sheet. The azimuthal positions of these 2D cutting planes are 15, 60, 120, and 150 degrees behind the blade. It is found that the tip vortex predicted on the initial mesh is very diffusive and the tip vortex from the current blade is reasonably well captured only at 15 degrees of the vortex age. The inboard vortex sheet is well captured at this azimuthal position on the viscous wake mesh. As the wake adaptation proceeds, the tip vortex core becomes clearer not only in the wake behind the blade but also in the region ahead of the current blade simulating the tip vortex originating from the preceding blade. This implies that the flow periodicity imposed by the present solver successfully transports the vorticity through the periodic boundary. After 6th level of adaptation, third layer of the tip vortex from the current blade after one revolution is clearly captured.
In Fig. 9 , vertical induced velocity profiles are compared for the present viscous calculations of θ = 8
• and θ = 12
• at four vortex ages. The figure also includes the inviscid calculation result (Ref. 9) for θ = 8
• based on the almost identical mesh resolution. The results are presented in the form of relative velocity by subtracting the velocity at each vortex core from the absolute vertical velocity distribution to eliminate the effect of time-averaged velocity, which depends on the vortex age. It is shown that inclusion of viscosity slightly reduces the magnitude of the peak-to-peak velocity difference for the entire vortex age. In the case of θ = 12
• , the difference becomes larger than that for θ = 8
• because of the stronger tip vortex formation, particularly in the near wake region.
The size of tip vortex core for the three cases shown in Fig. 9 is compared in Fig. 10 . The core size is determined by measuring the radial distance from the lower peak to the higher peak. This definition is increasingly unclear after 180 degrees of vortex age owing to the interaction of the vortex with the neighboring vortices mostly outside of the wake boundary. As expected from Fig. 9 , the viscous core size is slightly larger than the inviscid calculation for the entire vortex age; this is due to the presence of viscous dissipation. For the higher collective pitch angle, the vortex core size becomes consistently larger as shown in the figure.
The predicted surface pressure coefficients are compared with the experiment and the previous inviscid simulation (Ref. 9) in Fig. 11(a) for the rotor operating condition of M tip = 0.877 and θ c = 8
• after the wake adaptation is completed. The result shows good agreement with the experiment at all radial stations of the blade. The shock location and the strength are captured better in the present viscous simulation than the inviscid simulation because of the shock-boundary layer interaction, which tends to weaken the shock and move its position toward the leading-edge of the blade. Figure 11(b) shows the effect of wake adaptation on the surface pressure distribution at M tip = 0.794 and θ c = 12
• . Slight change in pressure is observed as the wake is refined especially near the blade tip presumably due to the strong induced velocity by the tip vortex passing underneath the blade. The converged result from the mesh adaptation shows reasonably good agreement with the experimental data except near the tip region where strong shock February 11, 2002 16:11 Char boundary layer interaction dominates the flow with a locally separated region. Figure 12 shows the sectional thrust distributions along the blade span. Comparison of the present viscous result with the experiment and the inviscid calculation is presented in Fig. 12(a) for θ c = 8
• . The predicted value is slightly higher than the experiment, especially toward the tip of the blade, which is consistent with the results obtained by previous researchers (Refs. 3, 6) . The viscous simulation predicts slightly less blade loading than the inviscid calculation at the outboard of the blade due to the loss involved with the shock and the locally separated flow. The effect of wake mesh adaptation is presented in Fig. 12(b) at θ c = 12
• . Changes in the surface pressure distribution are due to the wake mesh adaptation and result in a slight increase in the blade loading especially toward the tip of the blade. The converged sectional thrust is obtained after 3rd level of wake adaptation is completed for over 180 degrees of vortex age for the present two-bladed rotor, which indicates the significance of the tip vortex resolution from the preceding blade. Finally, formation of the tip vortex is investigated by examining the surface streamlines and the vorticity field at the tip. Figure 13(a) shows the surface streamlines after the 6th level of wake adaptation for θ c = 8
• . Details of the tip flow around the square tip are well represented by the flow separation line along the top edge of the blade and the dividing streamlines in the middle of the tip near the leading-edge. The figure also shows the shock-induced boundary layer separation and a pair of counter-rotating vortical flows originating from the inside of the separated flow region. The pattern of the shock-induced flow separation is slightly different from the result of Srinivasan et al. (Ref. 1) mainly owing to the difference in the turbulence model used. Their result showed a small scale flow separation followed by immediate reattachment using the Baldwin-Lomax turbulence model. Sectional vorticity contours at several chordwise locations of the blade are shown in Fig. 13(b) . Three distinct vortices, P, V 1 , and V 2 , are observed in this figure. The primary vortex, P, begins to develop before x/c = 0.35 along the top edge of the blade. Two secondary vortices are formed because of the flow separation across the sharp corners and are located on the upper and lower parts of the tip separated by the dividing streamlines as shown in Fig. 13(a) . The secondary vortex, V 2 , begins to develop from the leading-edge along the bottom edge of the tip; this is due to the lower surface boundary-layer separation, which merges with the primary vortex to form a strong tip vortex at further downstream near the trailing edge. In addition, a small counter-rotating vortex, V 1 , located on the upper part of the tip quickly merges into the upper surface vortex. The figure also shows two vortical flows inside the separated flow region behind the shock, which subsequently merge with the vortex sheet further downstream. • , and Re = 3.55 × 10 6 .
Conclusions
A three-dimensional viscous flow solver, based on a solution-adaptive unstructured mesh refinement technique, is developed for predicting the aerodynamic performance of hovering helicopter rotor blades. The viscous mesh is generated both on the blade surface and in the near wake region to account properly for the viscous shear layer. It is demonstrated that an accurate prediction of blade loading and the tip vortex trajectory can be achieved through a series of wake mesh adaptation with less than 830,000 cells. Comparisons of the inviscid and viscous results indicate that inclusion of viscosity significantly affects the surface pressures and the blade airloads for transonic tip Mach number cases showing strong shock-induced separations. The effect of viscosity is not as significant for the tip vortex trajectory. The process of tip vortex formation is qualitatively investigated around the blade tip in that this process shows a primary vortex and two secondary vortices merging into a single tip vortex coupled with the vortex sheet roll-up. The present unstructured mesh methodology is an attractive alternative to the previous structured grid methods to predict viscous flow around hovering helicopter rotors and offers a more efficient use of grid points as well. 
